ABSTRACT: Four rumen-fistulated Holstein heifers (134 ± 1 kg initial BW) were used in a 4 × 4 Latin square design to determine the effects of delaying daily feed delivery time on intake, ruminal fermentation, behavior, and stress response. Each 3-wk experimental period was preceded by 1 wk in which all animals were fed at 0800 h. Feed bunks were cleaned at 0745 h and feed offered at 0800 h (T0, no delay), 0900 (T1), 1000 (T2), and 1100 (T3) from d 1 to 21 with measurements taken during wk 1 and 3. Heifers were able to see each other at all times. Concentrate and barley straw were offered in separate compartments of the feed bunks, once daily and for ad libitum intake. Ruminal pH and saliva cortisol concentrations were measured at 0, 4, 8, and 12 h postfeeding on d 3 and 17 of each experimental period. Fecal glucocorticoid metabolites were measured on d 17. Increasing length of delay in daily feed delivery time resulted in a quadratic response in concentrate DMI (low in T1 and T2; P = 0.002), whereas straw DMI was greatest in T1 and T3 (cubic P = 0.03). Treatments affected the distribution of DMI within the day with a linear decrease observed between 0800 and 1200 h but a linear increase during nighttimes (2000 to 0800 h), whereas T1 and T2 had reduced DMI between 1200 and 1600 h (quadratic P = 0.04). Water consumption (L/d) was not affected but decreased linearly when expressed as liters per kilogram of DMI (P = 0.01). Meal length was greatest and eating rate slowest in T1 and T2 (quadratic P ≤ 0.001). Size of the first meal after feed delivery was reduced in T1 on d 1 (cubic P = 0.05) and decreased linearly on d 2 (P = 0.01) after change. Concentrate eating and drinking time (shortest in T1) and straw eating time (longest in T1) followed a cubic trend (P ≤ 0.02). Time spent lying down was shortest and ruminating in standing position longest in T1 and T2. Delay of feeding time resulted in greater daily maximum salivary cortisol concentration (quadratic P = 0.04), which was greatest at 0 h in T1 and at 12 h after feeding in T2 (P < 0.05). Daily mean fecal glucocorticoid metabolites were greatest in T1 and T3 (cubic P = 0.04). Ruminal pH showed a treatment effect at wk 1 because of increased values in T1 and T3 (cubic P = 0.01). Delaying feed delivery time was not detrimental for rumen function because a stress response was triggered, which led to reduced concentrate intake, eating rate, and size of first meal, and increased straw intake. Increased salivary cortisol suggests that animal welfare is compromised.
INTRODUCTION
Large variations of DMI patterns within and between days have been suggested to increase the risk of ruminal acidosis in feedlot cattle, a metabolic disorder of digestive origin (Elam, 1976; Nagaraja and Chengappa, 1998; Galyean and Rivera, 2003) . These alterations of feeding patterns may be a consequence of hunger and stress after periods of limited or no access to feed. As a consequence, cattle may ingest large quantities of feed during a short time period once feed becomes available. Fewer and larger meals that are eaten at faster rates have shown to increase the postprandial drop and the within-day variation of ruminal pH (Erickson et al., 2003; Schwartzkopf-Genswein et al., 2003) . In addition, Intake, water consumption, ruminal fermentation, and stress response of beef heifers fed after different lengths of delays in the daily feed delivery time these feed deprivation periods may stress the animals and compromise their welfare. In commercial settings, such feed deprivation periods may be caused by accidental delays of feed delivery, feeding management (i.e., feed restriction), abrupt changes in feeding programs, or application of husbandry procedures (Slyter, 1976; Pritchard and Bruns, 2003) . However, withholding feed has also been used as a model to induce ruminal acidosis (Nagaraja and Titgemeyer, 2007) . Furthermore, limited feeding space increases competition among animals, which accentuates the effects of social dominance on access to feed and alters feeding behavior (González et al., 2008c) . Certain animals within a pen may therefore experience feed deprivation periods, decreased ruminal pH, or increased cortisol concentration (González et al., 2008d) . Consequently, animals deprived of access to feed may suffer further if they can see pen mates feeding normally. However, the significance of feed delivery delays on beef cattle welfare, behavior and rumen function is unknown, as is the ability of the animals to adapt over time and learn different feeding regimes.
The objective of this study was to assess the effects of different time delay lengths on feed intake, feeding behavior, and stress response during the first 5 d and after 2 wk the delay is imposed.
MATERIALS AND METHODS
The research protocol was approved by the Institutional Animal Care and Use Committee of the Universitat Autònoma of Barcelona.
Animals, Housing, and Experimental Design
Four Holstein heifers (119 d of age and 134 ± 1 kg of initial BW; 291 ± 4 kg of final BW) fitted with 1-cm ruminal trocars (Divasa Farmavic S. A., Vic, Spain) were randomly assigned to a 4 × 4 Latin square design. Surgery was performed 45 d before the beginning of the experiment, following standard surgical procedures, and conducted under local anesthesia with full aseptic precautions. Heifers were individually housed in adjacent tie-stalls with rubber comfort mats so that each heifer could see the activities performed by its neighbors and interact with them. The barn had small opened windows occupying 6.5% of the front and back wall surfaces of the heifers, which allowed natural light to enter the barn. However, artificial light was continuously on to allow video recording of the animals during the night. Daily average temperature ranged between 12.5 and 26.6°C, whereas the maximum and minimum values recorded within the barn were 28.4 and 9.3°C, respectively.
An automated system was used to record feeding behavior as described previously by Robles et al. (2007) and González et al. (2008b) . Briefly, feed bunks (120 L capacity) were mounted on waterproof digital platform scales for each stall (model HW-60KV-WP, A & D Company Ltd., Tokyo, Japan). Each feed bunk was divided with a plywood partition to allow separate feeding of straw and concentrate. Scales were programmed to transmit the feed weight at 1-min intervals to a personal computer with a software application (WinCT, A & D Company Ltd.) . Water was available at all times in individual water bowls with direct reading flow meters to register water consumption (B98.32.50, Invensys model 510 C, Tashia SL, Artesa de Segre, Spain). A video-camera recording device was set in the barn to register the behavior of animals throughout the day. It consisted of a digital black and white camera (model LTC 0500/50, Philips, Eindhoven, the Netherlands) with iris vari-focal lenses (model LTC 3274/40, Philips) connected to a time lapse recorder (model RT 24ª/00T, Philips).
Treatments and Diet
Each of the 4 experimental periods lasted 21 d plus 7 d that were left between any 2 consecutive experimental periods to eliminate possible carryover effects from the previous treatment (washout week). This was based in observations made by Putnam and Davis (1963) , who reported that day-to-day variations in time at the feeder were not important and feeding patterns were well established after 7-d of adjustment to treatments. All animals were fed at 0800 h (routine time) throughout the 2 mo previous to the start of the experiment but also during the 7 d between experimental periods. Experimental treatments consisted of 0 (T0), 1 (T1), 2 (T2), or 3 (T3) h of delay in the time of daily feed delivery. Therefore, the time of feed delivery was at 0800, 0900, 1000, and 1100 h for T0, T1, T2, and T3, respectively. All feed bunks were cleaned, orts collected, and scales recalibrated from 0745 to 0800 h. This resulted in heifers spending 0, 1, 2, and 3 h without feed on the bunks for T0, T1, T2, and T3, respectively. Feed intake, water consumption, ruminal fermentation, behavior, and stress response were measured during the first and third weeks after the change to treatment from the washout week.
All heifers were fed the same concentrate and coarsely chopped barley straw to ensure 10% refusals each day at 0800 h. The concentrate was formulated according to the NRC (1996) for 210-kg heifers with an ADG of 1.01 kg/d (Table 1 ). All ingredients of the concentrate were ground through a 3-mm screen and thoroughly mixed in a commercial feed manufacturer. Barley straw contained 92. 1, 6.8, 77.2, 46.2, 7 .0, and 5.1% of DM, ash, NDF, ADF, ADL, and CP, respectively. The average particle size was 1. 54 ± 0.26 cm, with 58.5, 19.3, and 19 .2% of particles retained upon the 19-, 8-, and 1.18-mm screen, respectively.
Sampling and Analyses
Body weight was recorded before feeding and after withdrawal of refusals on 3 consecutive days at the start and end of the experiment. Intermediate BW were taken every 4 wk. Concentrate and barley straw refusals for each heifer were removed at 0800 h, weighed, sub-sampled, and analyzed for DM content to record daily DMI from d 1 through 5 (wk 1) and d 15 through 19 (wk 3). Patterns of feed intake and water consumption were also recorded during the same time periods. Animals were video-recorded for 24-h during d 1, 3, and 5, and again on d 15, 17, and 19 of each experimental period.
Dry matter content of offered feed and refusals were determined by drying samples for 24 h at 103°C in a forced-air oven according to AOAC (1990; ID 950.01) . Feed offered was collected daily, composited for each period, mixed, dried in a forced-air oven at 65°C for 48 h, ground in a hammer mill through a 1-mm screen, and retained for later chemical analysis of DM and ash (AOAC, 1990; ID 950.05) . Nitrogen content was determined by the Kjeldahl procedure (AOAC, 1990; ID 976.05) . Ether extract was performed according to AOAC (1990; ID 920.39) . The NDF, ADF, and ADL contents were determined sequentially using thermostable α-amylase and sodium sulfite (Van Soest et al., 1991) .
On d 3 and 17 of each experimental period, ruminal samples (0.25 L) were taken with an electric vacuum pump connected to a 1-m-long iron tube that was introduced through the ruminal trocar to obtain a representative sample from different locations within the rumen. Ruminal samples were collected hourly from 0800 h until feed was delivered, and then at 4, 8, and 12 h after feed delivery. Ruminal fluid was squeezed through 4 layers of cheesecloth and pH measured immediately with a glass electrode pH-meter (model 507, Crisson Instruments SA, Barcelona, Spain). One 4-mL subsample was taken for VFA and lactate analysis as described elsewhere (González et al., 2008d) .
Samples of saliva were taken at 0800 h for all heifers, immediately before feeding (0 h), and at 4, 8, and 12 h after-feeding on d 3 and 17 of each experimental period to measure free cortisol concentration. Saliva samples were taken with the use of sterile gauze that was introduced into the mouth and moved through both sides of the mouth to absorb a representative sample. No restraining was necessary for saliva sampling because heifers were very tame. The gauze was immediately placed into a 10-mL plastic tube containing a plastic pipette tip inside, capped, and centrifuged at 5,000 × g for 5 min at 4°C to separate the saliva from the gauze. Saliva samples were then placed in eppendorffs and frozen at −20°C for later cortisol determination using an ELISA (SLV-2930, DRG Instruments Gmbh, Marburg, Germany). Fecal samples were also taken from all heifers at 0800 h on d 1, 2, 3, and 4, and then on d 17 and 18 to measure fecal glucocorticoid metabolites (FGM) concentration (Morrow et al., 2002) . In addition, fecal samples were taken on d 17 at the same times as saliva (0, 4, 8, and 12 h after feeding) to analyze daily average and within-day variation in FGM. Fecal samples were taken through manual stimulation of the rectum with the fingers until self-defecation, placed in 25-mL plastic tubes, and immediately frozen at −20°C.
Data Processing and Calculations
Feeding behavior of the animals was analyzed as described previously by Robles et al. (2007) and González et al. (2008b) . Briefly, length of all inactive intervals (in min) in which feeding did not occur were log-transformed and used to calculate the meal criterion, which is the minimum time required to consider 2 periods of eating activity as separate events. The Mixed Distributions Package on the R software was used for this purpose (Du, 2002) , and model fitting was done according to a modification of the method described by Yeates et al. (2001) . Daily meal frequency (meals/d), average meal length (min/meal), meal time (min/d), meal size (g of DM/meal), and average eating rate of meals (g of DM/min) were calculated as described by González et al. (2008b) . Two approaches were taken to study feed intake and meal characteristics patterns throughout the day. The day was subdivided in six 4-h-long intervals starting either at the time of feed delivery according to treatments or at 0800 h independent of treatment.
Videos were processed by scan sampling at 5-min intervals for posture and behavior of each heifer. Posture was recorded as standing when the body was supported by all 4 legs or lying when the ventral part of the body was in contact with the ground. Posture was recorded independently of the activity the animals were performing. Activities recorded included eating, ruminating, drinking, resting, self-grooming, social behavior, and oral behavior (Robles et al., 2007; González et al., 2008b) . These behavioral categories used were mutually exclusive. The percentage of total daily observations made of each activity and posture was calculated as the number of times each activity was registered divided by the total number of observations during the day, 288 observations per day or 864 observations per heifer and week.
Daily averages of ruminal fluid pH, VFA, lactate, salivary cortisol, and total FGM were calculated using samples taken at 0, 4, 8, and 12 h after feeding with the area under the curve divided by total time but assuming that the change between 2 consecutive measures was linear. The absolute minimum and maximum values registered within the day were also analyzed.
Statistical Analyses
Each heifer subjected to a given treatment in each period was considered the experimental unit for all statistical analyses. A mixed-effects model was used with the random effects being heifer, and week and day after change of treatment as repeated measures subjected to heifer by period nested within treatment. The same statistical model was used to analyze patterns within the day (e.g., DMI, ruminal pH, or salivary cortisol concentration) with repeated measures being week and sampling time within day. Treatment, period, and their interactions with week, day, and sampling time were the fixed effects included in all models. All analyses of variance of mixed-effects regression models were carried out using the mixed procedure (SAS Inst. Inc., Cary, NC). Animal behavior from video recordings was analyzed with mixed-effects logistic regression model in PROC GLIMMIX (SAS Inst. Inc.) where the input data followed a binomial distribution. Orthogonal contrasts were used to study response to increasing length of delay in daily feed delivery time which were carried out at each level of the repeated measures (e.g., week or sampling time) when a significant interaction between factors was detected. Meal length and size, salivary cortisol, FGM, and ruminal fluid lactate were logarithmically transformed before statistical analysis.
RESULTS AND DISCUSSION

Feed Intake and Water Consumption
Increasing length of delay in time of daily feed delivery resulted in a quadratic effect (P = 0.01) with less concentrate DMI at short and intermediate delays (T1 and T2 treatment groups; Table 2 ). Straw DMI displayed a cubic effect because of the greater intakes in T1 and T3 (P = 0.03; Table 2 ). However, straw eaten per kilogram of total DMI (forage proportion eaten) responded with a quadratic effect because control heifers (T0) consumed the least proportion of straw ( Table 2 ). The lack of week × treatment and day × week × treatment (P > 0.64) interactions indicated that the effects of treatments on concentrate and straw intake after the change from the routine time of feed delivery were consistent across weeks and days (data not shown). Therefore, heifers in the present experiment did not become accustomed to delays in feed delivery time over the 21 d after the change was imposed. Similarly, Bond et al. (1975) reported that heifers deprived of feed for 96 h ate 56% less DM of a concentrate diet on the first day of re-feeding and required 14 d to return to prefasting intake level. Total water consumption per day was not affected by treatments (P = 0.24), but water consumption per kilogram of DMI decreased linearly as time of daily feed delivery increased (P = 0.01; Table 2 ). In addition, the distribution of water consumption within the day was affected by treatments. Water consumed during the morning (0800 to 1200 h) decreased but during nighttimes (2000 to 0800 h) increased linearly as the length of delay increased (P ≤ 0.001; Table 2 ).
Feed Intake Behavior
Results of feed intake behavior are shown in Table  3 . A quadratic tendency (P = 0.10) was found in meal frequency because any delay in the time of feed delivery resulted in approximately 1 meal/d less than control. Average meal size increased linearly (P = 0.01), whereas eating rate of meals followed a cubic trend (P = 0.04) due to slowest rates in T2 and fastest in T3 (Table 3) . However, the trend was quadratic (P = 0.001) when daily eating rate was calculated as number of minutes spent eating per day divided by daily DMI (not including nonfeeding time within meals), with the least intake in T1 and T2. This reduction in eating rate indicates that feeding behavior changed toward opposite of expectations because a hungry animal would increase eating rate. Erickson et al. (2003) showed that clean feed bunk management, consisting of no feed available during the nighttimes for approximately 10 h/d, results in animals being hungry during the morning (before feed delivery) which is reflected in increased eating rate. No treatment effects were observed on the distribution of DMI throughout the day when the first 4-h interval started at the time of feed delivery for each treatment (treatment × time P = 0.48; Figure 1A ). In contrast, the amount of feed eaten was affected by treatments when the first 4-h interval started at 0800 h for all treatments (treatment × time P = 0.14; Figure 1B) . Accordingly, total DMI decreased linearly (P < 0.001) during the time interval between 0800 and 1200 h as the length of delay in feed delivery increased. Animals with delays in the time of feed delivery partially compensated for this reduction of DMI with linear increases during the night from 2000 to 2400 h (P = 0.10) by 0.30 kg of DM and from 2400 to 0400 h (P = 0.04) by 0.20 kg of DM ( Figure 1B) .
The response to feeding delays was quadratic from 1200 to 1600 h (P = 0.04) because heifers with intermediate delays ate less DM. These results indicate that heifers distributed or arranged the daily intake according to feed delivery (start of the feeding cycle) rather than time of day. Therefore, heifers fed with delays shifted DMI patterns toward later, less common, or desirable times of the day. This indicates that feeding management, and maybe other situations that also affect time of access to feed, result in altered distribution of daily intake. This may be due to altered kinetics of feed metabolites and hormones arising from digestion processes and acting as feedback signals to change feeding behavior. However, daily distribution of intake is strongly affected by photoperiod and often difficult to change (Schwartzkopf-Genswein et al., 2003) . The distribution of feed intake and water consumption followed the same trends, namely a linear reduction during the time interval between 0800 and 1200 h, and a quadratic response between 1200 and 1600 h. This shows the close relationship between eating and drinking activities. Nevertheless, heifers consumed water even when feed was not available in the morning (data not shown). For example, water consumed between 0800 and 0900 h was 1.66, 0.38, 067, and 0.70 L, and between 1000 and 1100 h was 1.67, 1.72, 0.90, and 0.64 L for T0, T1, T2, and T3, respectively.
None of the characteristics of the first meal after feed delivery were affected by treatments (P > 0.10; Table  3 ). However, the treatment × week × day interaction (P = 0.04) on the size of the first meal was due to a significant effect of treatments on d 1 and 2 of wk 1 (Figure 2A ) after change to treatments, but no treatment effects were observed during wk 3 ( Figure 2B ). Within wk 1, delaying time of feeding resulted in a cubic response on d 1 (P = 0.05) due to reduced size of Calculated as the sum of the length of all meals within a day.
4
Calculated as the sum of all minute-to-minute observations when the animal was feeding due to feeder disturbance or feed disappearance (does not include nonfeeding times).
5
Calculated as daily feeding time divided by daily DMI.
Daily feed delivery time delays the first after-feeding meal of T1 heifers, but meal size decreased linearly on d 2 (P = 0.008). This was also an unexpected result because heifers fed with delays would have eaten bigger meals after feed delivery if they were hungrier as a result to feed deprivation.
Time spent on each behavioral category expressed as a percentage of total daily observations is shown in Table 4 . Time spent eating concentrate showed a cubic response to increasing length of delay in daily feed delivery time (P = 0.002) with the longest time in T2 and the shortest in T1. In contrast, time spent eating straw was longest in T1 and shortest in T2 (cubic P = 0.01), whereas time spent drinking followed the same pattern as concentrate eating time (P = 0.01; Table 4 ). These results demonstrate that time spent eating does not exactly reflect the amount eaten because eating rate is a function of both time and amount eaten. However, it was not possible to measure eating rate of concentrate and straw independently in the present study. Time spent ruminating in standing posture displayed a quadratic relationship with treatment (P = 0.002), with intermediate length of delays in feed delivery showing the longest standing rumination time. Moreover, time spent ruminating while standing showed a treatment × week × day interaction (P = 0.04) because treatment effects were greatest on d 1 and 3 after delays were imposed (data not shown). Resting time in lying position also displayed a quadratic relationship with treatments (P = 0.06). Intermediate lengths of delay, T1 and T2, resulted in the shortest time.
Stress Indicators
Daily average concentration of salivary cortisol was not affected by treatments (P = 0.39; Table 5 ). However, daily maximum salivary cortisol concentration displayed a quadratic relationship (P = 0.04) because the least concentration was reported in T0 and the greatest in T1. However, daily maximum cortisol concentration was less in T0 than T1, T2, and T3 (P = 0.01). In addition, 12-h daily average FGC calculated on d 17 showed a cubic effect (P = 0.04; Table 5 ) because T1 and T3 had the greatest concentrations. The FGC were 5. 92, 8.34, 6.18, and 8 .08 ng/g of fresh matter for T0, T1, T2, and T3, respectively (data not shown; cubic P = 0.03). These results in glucocorticoid concentrations in both saliva and feces show a negative relationship between cortisol and DMI in the present study. Such a relationship is not perfect because daily maximum salivary cortisol indicated that any length of delay resulted in stress in heifers and daily average FGC indicated that T1 and T3 heifers displayed the greatest stress. However, DMI was least in T1 and T2. Interestingly, the hour × treatment interaction (P = 0.01) showed that salivary cortisol concentration was greatest in T1 at 0 h (immediately before feeding; quadratic P = 0.02) and in T2 at 12 h after feeding compared with T0, which led to a cubic effect (P = 0.01; Figure 3 ). In agreement with salivary cortisol, DMI was numerically least during h 1 after feeding in T1 (1.59, 1.39, 1.52, and 1.52 ± 0.08 kg of DM for T0, T1, T2, and T3, respectively; data not shown) and during h 12 in T2 (0.26, 0.35, 0.15, and 0.28 ± 0.033 kg of DM for T0, T1, T2, and T3, respectively; cubic P = 0.01; treatment × time P < 0.001). In addition, size and eating rate of meals occurring during h 12 after feeding showed a quadratic response (P < 0.01) due to reduced values for T1 and T2 (data not shown). However, FGC measured every day at 0800 h (P > 0.31; Table 5 ) or its withinday variation were not affected by treatment (hour × treatment P = 0.53; data not shown).
The previous results indicate that delaying the time of routine feed delivery to heifers results in chronic stress particularly in T1 but followed by T2 and T3, and reduced concentrate DMI in T1 and T2. Stress reactions are coordinated by the central nervous system via increased secretion of hormones of which corticotrophinreleasing factor plays a central role, stimulating ACTH and, consequently, the release of cortisol (Ingvartsen and Andersen, 2000) . Corticotrophin-releasing factor decreased feed intake in ruminants (Ruckebusch and Malbert, 1986) , but other hormones may also mediate the effects of stress on feed intake. Alternatively, or in addition to the above-mentioned mechanism, glucocorticoids increase the catabolism of protein and fat stores and, consequently, blood energy metabolites (Mills and Jenny, 1979; Ward et al., 1992; Samuelsson et al., 1996) . These metabolites, such as NEFA and glucose, may also act as feedback signals to reduce intake.
An important marker for deleterious amounts of chronic stress may be a breakdown of the circadian cortisol cycle (Dhabhar, 2002) . The treatment × time of day interaction reported in salivary cortisol of the present study supports this. Moreover, the treatment effect on saliva cortisol kinetics was the same in both weeks (hour × week × treatment interaction P = 0.18) as was the reduction in DMI. These results indicate that effects were not a consequence of the change in feed delivery time per se. A possible explanation is that animals without feed available are stressed because they can see other experimental mates feeding normally at a time of the day when DMI and the desire for feed is greatest under this feeding management (González et al., 2008b) . Therefore, the release of glucocorticoids with delays in feed delivery of the present study may reflect psychological stress and frustration to eat. Similarly, food-deprived monkeys showed greater cortisol in the presence of normally feeding neighbors, but cortisol remained unaltered when they were fed nonnutritive pellets or isolated from feeding monkeys (Mason, 1971) . The psychological stress of isolation has also increased glucocorticoids and reduced DMI in sheep (Parrott et al., 1987) . This same phenomenon may explain why feed deprivation in ruminants increased glucocorticoids in the presence of normally eating conspecifics (Ward et al., 1992; Samuelsson et al., 1996) but were not affected when fasted animals were isolated in environmental chambers (Parrott et al., 1996) . Lindström et al. (2001) demonstrated that oral manipulation of feed in the morning was more important than rumen fill in regards to maintaining reduced cortisol concentrations. In that study, cows provided restricted amounts of feed to achieve short time of oral manipulation while the rumen was maintained filled with transfers from a donor animal resulted in greater cortisol concentration than cows provided food for ad libitum intake but maintained at low rumen fill by emptying it. Table 4 . Time spent in different behavioral activities (% daily observations) of Holstein heifers subjected to 0 (T0), 1 (T1), 2 (T2), and 3 (T3) h of delay in the time of daily feed delivery Daily feed delivery time delays
In the present study, saliva cortisol concentration measured immediately before feeding (0 h) should represent the anxiety and hunger while feed was not available. The anticipation of feeding increased blood cortisol and corticosterone in heifers (Willett and Erb, 1972) . Therefore, we expected a linear increase in saliva cortisol concentration at 0 h and a relationship with the subsequent feeding behavior indicative of such hungry state (e.g., increased meal size and eating rate). However, saliva cortisol increased at prefeeding only in T1, but characteristics of the first meals were not affected (or were affected in the opposite direction during d 1 and 2). Therefore, feeding behavior changes due to feed delivery delays in the present study did not show evidence of increased hunger or potential indicators of greater risk for ruminal acidosis.
In the present study, any delay in feed delivery time increased the proportion of straw eaten, particularly in T1, which followed similar patterns of saliva cortisol and FGC concentrations. A possible explanation is that heifers fed with delays ate more straw to stimulate chewing (Allen, 1997) . This may help to dissipate tension and anxiety caused by the delay or, alternatively, fulfills faster the high feeding motivation and reduces frustration. It is therefore unknown whether animals fed a total mixed ration with delays would sort toward a greater intake of the forage ingredient or eat the homogeneous mix instead. If no feed sorting occurs, then the only way to dissipate tension through chewing would be to increase intake. Interestingly, Bond et al. (1976) reported that feed intake after reintroduction of feed after a single feed deprivation period of 12 to 48 h in heifers increased (+2.6 kg), decreased (−1.4 kg), or remained unchanged (0 kg) if the diet contained 0, 30, or 88% of forage, respectively. Nevertheless, this is only speculation, and such a hypothesis should be tested. On the other hand, stressed animals in the present study were behaviorally characterized by reduced number of meals per day and eating rate, indicative of reduced hunger and feeding motivation as part of the stress response. In addition, a tendency toward less time spent lying down and increased time spent ruminating in standing position may indicate that stressed heifers were uncomfortable, alert, and ruminated in a position that might not be preferred.
Ruminal Fermentation
Daily average, minimum, and maximum ruminal pH were not affected by treatments (P > 0.10; Table 6 ). However, the week × treatment interaction (P = 0.05) on daily mean ruminal fluid pH was due to a cubic response on d 3 (P = 0.01) with the greatest value observed in T1. Ruminal lactate concentration responded in a cubic fashion with greater concentrations found in T1 and T3 (P = 0.01; Table 6 ). However, the week × treatment interaction (P = 0.07) indicated that this cubic effect (P = 0.002) was mainly observed in wk 1 after the change of treatments with T0 displaying less ruminal lactate concentration than T1, 0.62 vs. 2.36 ± 0.36 mM, respectively (P < 0.001; data not shown). Treatment mean from samples taken at 0800 h on d 1, 2, 3, 4, 17, and 18 after change to treatment from the control week at 0800 h. Figure 3 . Daily salivary cortisol kinetics in Holstein heifers fed with 0 (T0), 1 (T1), 2 (T2), and 3 (T3) h of delay in the time of daily feed delivery. Within a sampling time, the quadratic (Q) or cubic (C) effect of increasing the length of delay in time of daily feed delivery was significant (P < 0.05). Basal sampling time was at 0800 h for all treatments, but it was not included in the statistical analysis. Therefore, ruminal pH at d 3 showed that T1 and T3 were at a reduced risk of acidosis while showing the greatest lactate concentration. Therefore, the possibility exists that animals under these treatments suffered an acidosis challenge at d 1 or 2, which might have led to a reduction of concentrate intake to restore comfortable ruminal conditions. Unfortunately, ruminal fluid pH was not measured at d 1 and 2 although size of the first meal eaten after feed delivery was least in T1 and T3 on d 1, and decreased linearly on d 2. These observations indicate that T1 and T3 animals were not hungrier and their feeding behavior during the first 2 d after change to treatments was not indicative of greater acidosis risk. Similarly, Erickson et al. (2003) failed to induce acidosis when challenging steers by feeding 125% of DMI of the previous day 4 h later than the routine feeding time. These authors concluded that the intake challenge may not have been severe enough to cause acute acidosis symptoms or effects in the animal. However, Erickson et al. (2003) reported that restricted feeding increased eating rate and meal size, which led to greater ruminal pH variation within-day when compared with ad libitum feeding. Nevertheless, Bond et al. (1975 Bond et al. ( , 1976 found no significant changes in feed intake or feeding behavior, indicative of acidosis after re-feeding beef cattle deprived of an all-concentrate diet for 12 to 96 h.
In conclusion, feed deprivation during different time lengths does not increase the risk of acidosis even when feed-deprived animals can see neighbors feeding normally and personnel delivering feed. Part of the explanation is that stress response of feed-deprived animals results in changes of behavior toward the opposite of those expected. We found a negative relationship between salivary cortisol and ruminal pH (pH = 5.66 ± 0.15 + 0.055 ± 0.021 [cortisol] ; P = 0.01; data not shown). In this sense, daily concentrate DMI and eating rate were reduced, whereas proportion of straw eaten increased, which might have resulted in increased ruminal fluid pH. Decreased eating rate increases feed ensalivation (Beauchemin et al., 2008) . Low DMI decreases acid production, whereas greater straw intake increases saliva production and dilutes rapidly fermentable carbohydrates (Allen, 1997) . In the present experiment, we sampled ruminal fluid pH and registered chewing behavior at hourly intervals until feed was delivered. These data were not included for statistical analysis because of the imbalance in data [ruminal fluid pH was measured once before feed delivery in T0 (at 0800 h), whereas it was measured 4 times in T3, at 0800, 0900, 1000, and 1100 h]. However, it must be pointed out that during this time of no access to feed, ruminal pH increased at a rate of 0.05, 0.11, and 0.14 pH units/h on d 3, whereas the increase was 0.12, 0.10, and 0.09 ± 0.027 pH units/h on d 17. Similarly, time spent ruminating during those periods of no feed available was 17.5, 12.5, and 13.8 min/h on d 3, and 11.3, 14.4, and 21.7 ± 1.74 min/h on d 17. Thus, there was no relationship between ruminating time and ruminal pH variation (P = 0.68) during the times of no feed available in the present experiment. Therefore, other factors not related to chewing (and salivation) and to feed intake also affect ruminal acid balances. Acetate (P = 0.02), butyrate (P = 0.02), and branched-chain VFA (P = 0.05) molar proportions increased, whereas propionate decreased linearly (P = 0.01) with increasing length of delay in daily feed delivery time (Table 6 ). Molar concentrations of individual VFA in the rumen were affected in a similar way to their molar proportions (data not shown). In a previous study by our research group, increasing the proportion of sodium bicarbonate in the concentrate resulted in increasing water consumption to DMI ratio and in acetate to propionate ratios (González et al., 2008a) . Conversely, delaying daily feed delivery time reduced water consumption to DMI ratio and increased the acetate to propionate ratio in the present study. Measured on d 3 and 17 after the change to treatments from the routine time of feed delivery was made.
Daily feed delivery time delays
The relationships between water consumption to DMI ratio, ruminal fermentation, and water balance are not clear and deserve further study.
In conclusion, experimental simulation of commercial situations where the time of feed delivery or access to feed is delayed for some animals in a group does not increase the risk of ruminal acidosis because changes in feeding behavior were toward greater ruminal pH. Stress response of heifers fed with delays, as reflected in greater salivary cortisol, may lead to reduced concentrate intake, increased straw intake, and decreased size of the first meal after feed delivery, changes indicative of reduced appetite. However, a short delay of 1 h may be more detrimental for animal welfare than a longer delay of 3 h due to the greater changes observed.
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